Abstract: Gelidium elegans extract (GEE) is derived from a red alga from the Asia-Pacific region, which has antioxidant, anti-adipogenic, and anti-hyperglycemic effects. However, detailed studies of the toxicology of GEE have not been performed. We evaluated the single oral dose toxicity of GEE in male and female Sprague-Dawley (CD) rats. GEE did not cause deaths or have toxic effects at dosages of 5000 mg/kg/day, although compound-colored stools and diarrhea were observed in both sexes, which lasted <2 days. Therefore, the LD 50 of GEE is likely to be >5000 mg/kg. We next evaluated the repeated oral dose toxicity of GEE in CD rats over 14 days and 13 weeks. GEE did not induce any significant toxicological changes in either sex at 2000 mg/kg/day. Repeated oral dose toxicity studies showed no adverse effects, in terms of clinical signs, mortality, body mass, food consumption, ophthalmic examination, urinalysis, hematology, serum biochemistry, necropsy, organ masses, or histopathology, at dosages of 500, 1000, or 2000 mg/kg/day. The no observed adverse effect level (NOAEL) for GEE is thus likely to be >2000 mg/kg/day, and no pathology was identified in potential target organs. Therefore, this study indicates that repeated oral dosing with GEE is safe in CD rats.
Introduction
Seaweeds have become important functional components in the food industry [1] . Gelidium elegans (GE), also known as Gelidium amansii, is a seaweed that is widely distributed around the Asia-Pacific region [2] . GE contains various bioactive polyphenols and phenolic compounds, such as hesperidin [3, 4] . GE has been consumed for hundreds of years and has physiological and pharmacological effects [5] . GE is also widely consumed in meals and teas or as a medicinal herb in Korean folk medicine. Given the current popularity of traditional foods, a comprehensive analysis of the associated safety issues is required.
Recently, a number of studies have demonstrated the pharmacological effects of Gelidium elegans extract (GEE), including antioxidant and anti-inflammatory effects, and an impact on glucose (GLU) homeostasis [6, 7] . More specifically, GEE reduced the expression of key adipogenic genes, including peroxisome proliferator-activated receptor-γ (PPARγ) and CAAT/enhancer binding protein α (C/EBPα), which is necessary for the late stage of adipogenesis, and promoted expression of genes involved in energy expenditure, such as uncoupling protein 1 and PR domain containing 16 (PRDM16).
Results

Acute Oral Toxicity Study
To determine the toxicity and the lethal dose (LD 50 ) of GEE (Table 1) , it was administered orally to male and female CD rats, in single doses of 0 (vehicle control) or 5000 mg/kg. During the 14-day experimental period, mortality and body mass were monitored, and necropsy was undertaken at the end of the experimental period. No deaths or clinical signs were observed. In addition, there were no significant differences in the body mass of the GEE-treated groups compared with the vehicle control group. No abnormalities were found during necropsy, but compound-colored stools and diarrhea were observed in both males and females that were given 5000 mg/kg GEE. However, these animals recovered within 2 days. Therefore, the LD 50 of GEE is estimated to be >5000 mg/kg. 
14 Day Repeated Oral Dose Toxicity Study
To determine the appropriate dose of GEE for the 13-week repeated oral dose toxicity study, male and female CD rats were administered GEE orally for 14 days at dosages of 0 (vehicle control), 500, 1000, or 2000 mg/kg/day. During the experimental period, mortality, clinical signs, body mass, food intake, water consumption, ophthalmic examination, hematology, serum biochemistry, urine biochemistry, and organ masses were evaluated. During the treatment period, no deaths or clinical signs related to the administration of GEE were observed. In addition, there were no significant differences in body mass, food intake, or water consumption between the GEE-treated groups and the vehicle-treated group ( Figure 1A-D) . Ophthalmic examination showed no abnormalities in any of the rats. Figure 1 . Effect of Gelidium elegans extract (GEE) administration on the body mass, food intake, and water consumption of rats at dosages of 500, 1000, or 2000 mg/kg/day GEE for 14 days (A-D) and for 13 weeks (E-H). Data are presented as mean ± SD (n = 10, GEE had no significant hematologic or serum biochemical effects (Tables 2 and 3 ). Absolute organ mass was similarly unaffected in both males and females of all test groups (Table 4) . Urinalysis also revealed no significant differences in either male or female rats (Table 5) . Based on the results of this study, a dosage of ≤2000 mg/kg/day for the 13-week repeated administration trial was appropriate. Effect of Gelidium elegans extract (GEE) administration on the body mass, food intake, and water consumption of rats at dosages of 500, 1000, or 2000 mg/kg/day GEE for 14 days (A-D) and for 13 weeks (E-H). Data are presented as mean ± SD (n = 10, a p < 0.05, b p < 0.01).
GEE had no significant hematologic or serum biochemical effects (Tables 2 and 3 ). Absolute organ mass was similarly unaffected in both males and females of all test groups (Table 4) . Urinalysis also revealed no significant differences in either male or female rats (Table 5) . Based on the results of this study, a dosage of ≤2000 mg/kg/day for the 13-week repeated administration trial was appropriate. Data are presented as mean ± SD (n = 10, a p < 0.05, b p < 0.01). No deaths were caused by any of the doses of GEE tested. Gross external examination revealed no abnormalities during the experimental period, and hair quality and quantity were not affected by the treatments. Compound-colored feces were observed in six rats of both sexes in the 2000 mg/kg/day group on day 5, and in all rats of both sexes in this group from day 6 to the end of the treatment period. This was also observed in both sexes from day 12 of administration of 1000 mg/kg/day GEE. However, no other clinical signs were observed. There were no significant differences in body mass between the GEE-treated groups and the vehicle-treated group ( Figure 1E ,G). There were no significant differences in food intake between the groups administered GEE and the vehicle group, in either sex. In addition, there were no significant differences in water consumption in female rats, but lower water consumption was observed in males given 2000 mg/kg/day GEE throughout the treatment period, compared to controls ( Figure 1F ,H).
Ophthalmic Examination, Hematology, and Serum Biochemistry
No ophthalmic disorders were found in any of the rats. GEE did not increase the plasma activity of serum aminotransferase enzymes (alanine aminotransferase (ALT) or aspartate aminotransferase (AST)), implying a lack of acute liver damage, but the average hematocrit (HCT) of females in the 1000 mg/kg/day group was significantly lower than that of the vehicle group. The percentage of basophils (BASO (%)) in females in the 0.5 g/kg/day group was significantly lower than that of the vehicle group (Table 6) .
However, GEE administration did not affect red blood cell (RBC) count, hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), platelet count (PLT), white blood cell (WBC) count, neutrophils (NEU), lymphocytes (LYM), monocytes (MONO), large unstained cells (LUC), or eosinophils (EOS). In serum biochemistry, [Cl − ] in males given 2000 mg/kg/day was slightly higher than that of the vehicle group, and [Na + ] of the females being given 2000 mg/kg/day was also slightly higher than that of the vehicle group (Table 7) . However, the differences were very small and both mean values were within the normal range. GEE treatment had no effect on other serum biochemistry parameters.
Organ Masses, Histopathology, and Urinalysis
There were no significant effects of treatment on absolute organ mass in either males or females in all test groups (Table 8) .
No pathological signs were observed (data not shown). GEE administration did not affect the histological appearance of the liver or its lining, nor did the treatments affect other vital organs (brain, lung, heart, spleen kidney, or liver). Similarly, GEE administration did not affect urinary parameters (Table 9 ). Data are presented as mean ± SD (n = 10, a p < 0.05, b p < 0.01). Table 9 . Urinalysis findings in male and female rats given 500, 1000, or 2000 mg/kg/day GEE for 13 weeks in a repeated oral dose toxicity study. 
Urinalysis
Discussion
GEE is an ingredient that is often ingested daily in the diet, in much larger amounts than would be the case with a food additive [1] . It has been shown to have anti-inflammatory, antioxidant, anti-obesity, and anti-hyperglycemic effects in rodent studies [6, 10, 11] . However, these beneficial effects, as well as the safety of GEE, require verification in human clinical trials. Prior to such trials, it is necessary to determine the safety of GEE in animal models, using toxicity studies [12] .
To determine the appropriate dose of GEE for a 13-week repeated oral dose toxicity trial, we conducted an acute oral toxicity study and a 14-day repeated dose oral toxicity study in rats.
A single oral dose of 5000 mg/kg GEE did not cause any mortalities in the rats. Thus, the oral median lethal dose (LD 50 ) value for GEE is >5000 mg/kg for rats. The choice of dosages for the 14-day toxicity study (500, 1000, and 2000 mg/kg/day) were based on previous pharmacological testing, during which the efficacy of GEE was demonstrated using oral administration of 200 mg/kg/day to high fat diet fed mice [2] .
GEE was administered by gavage to four groups of CD rats, each group consisting of five males and five females, once daily, for 14 days, at dosages of 0 (vehicle), 500, 1000, or 2000 mg/kg/day. There were no deaths during the administration period in any of the study groups. No GEE-induced effects were observed, in terms of clinical signs, body mass changes, changes in food or water consumption, ophthalmology, or necropsy. Thus, when GEE was orally administered repeatedly for 14 days, no systemic toxicological changes were observed. Therefore, we performed a 13-week repeated dose toxicity study using 2000 mg/kg/day GEE.
GEE was administered by gavage to four groups of CD rats (each consisting of ten males and ten females), once daily, for 13 weeks, at dosages of 0 (vehicle), 500, 1000 or 2000 mg/kg/day. This study complied with the test guidelines in the national toxicology program (NTP) protocol. There were no deaths during the administration period in any of the study groups, and GEE was well tolerated, with the treated rats showing no differences from controls in their body mass, food intake, organ masses, serum biochemistry, ophthalmic examination, urinalysis, or necropsy, and no clinical signs or abnormal behavior were noted.
Compound-colored feces were observed in both sexes at a GEE dosage of 2000 mg/kg/day, which was presumed to result from coloring by the test substance or its metabolites during excretion, because this was observed only during the treatment period. However, this finding was not toxicologically noteworthy because no treatment-induced effects on body mass or the gastrointestinal tract were observed (data not shown) [13] . The significantly lower water consumption observed in the male rats on GEE 2000 mg/kg/day was considered to be a treatment-related effect because it was observed continuously throughout the treatment period [14] . Our previous study also showed lower water consumption in the test groups, probably caused by relatively poor palatability of the GEE extract. A voluntary reduction in water intake normally causes an increase in urea nitrogen concentration [15] . Many studies also report that water consumption is correlated with urinary [Na + ] and [Cl − ] [16, 17] . However, our data suggest that the lower water consumption and related findings were not toxicologically significant because they were within the limits of normal biological variation and were not associated with systemic abnormalities, such as abnormal serum biochemistry or changes in absolute organ mass. In addition, the difference in water consumption observed between groups of female rats was not considered to be treatment-related because it was not dose-dependent.
Female rats administered with 500 mg/kg/day GEE had a lower percentage of basophils, which are circulating blood granulocytes that are involved in inflammatory processes and comprisẽ 0.1-0.3% of WBCs [18, 19] . However, the lower BASO (%) and related findings were not considered to be toxicologically significant because they were within the normal range for rats [20] and were unaccompanied by differences in the WBC count [21] . In addition, higher NEU and LYM counts were observed in females treated with 500 mg/kg/day, but these were also not considered to be toxicologically significant because they were within the normal range [22] . With regard to blood biochemistry, AST, ALT, and alkaline phosphatase (ALP) activities did not differ between groups, suggesting an absence of acute liver pathology [23] . There were no differences in the ratio between the vehicle-treated group and rats administered with the lower doses of GEE, and no histopathological findings, and therefore these differences were judged to be unrelated to GEE administration.
Histopathology of the uterus revealed luminal dilatation in two animals in the vehicle group and in three, four, and three animals that had been administered 500, 1000, and 2000 mg/kg/day GEE, respectively; thus, there was no difference between groups. Indeed, luminal dilatation has occasionally been reported as an incidental histopathological finding [24, 25] .
Romaris et al. previously demonstrated a high bioavailability of iron in a red alga seaweed in an in vitro study, which also had high dialyzable bromine percentages [26] . Moreover, Bouhlal Rhimou et al. investigated the UV protective effect of Gelidium amansii and showed that a Gelidium amansii extract, enriched by a biosorption process, increased absorption over the control group [27] . We believe that the bioavailability of GEE improves the strength of the scientific evidence provided by our study.
Based on body surface area, a dose of 2000 mg/kg in a rat would be equivalent to~4000 mg/kg in a mouse [28] . The results of this and previous studies show that repeated oral administration of GEE does not cause any toxic effects in rats at a dosage 10-fold higher than the dosage of GEE (200 mg/kg/day) that has anti-obesity effects when administered for 7 weeks [2] . The dosage of 200 mg/kg/day GEE, which we used for mice in our previous study, is equivalent to~1 g/60 kg/day in human adults [28] . Based on these findings, it can be surmised that the expected effective dose of GEE should involve a sufficient safety margin in humans. Taken together, these results of single, 14 days, and 13 weeks repeated oral toxicity studies confirmed that GEE was devoid of toxicological effects under our experimental conditions. Therefore, we suggested that GEE could be considered a safe dietary ingredient.
Materials and Methods
Preparation of Gelidium elegans Extract (GEE)
To obtain the GEE, GE was washed six times, to remove sea salt, and then extracted with 70% ethanol. After these processes, the residue was extracted with deionized water at 90 • C. The ethanol and deionized water extracts were then mixed together and passed through a 50 µm filter. Following this, the spray drying method was used to prepare the final extract. The GEE was then stored at 4 • C until use (Figure 2) . the vehicle-treated group and rats administered with the lower doses of GEE, and no histopathological findings, and therefore these differences were judged to be unrelated to GEE administration.
Based on body surface area, a dose of 2000 mg/kg in a rat would be equivalent to ~4000 mg/kg in a mouse [28] . The results of this and previous studies show that repeated oral administration of GEE does not cause any toxic effects in rats at a dosage 10-fold higher than the dosage of GEE (200 mg/kg/day) that has anti-obesity effects when administered for 7 weeks [2] . The dosage of 200 mg/kg/day GEE, which we used for mice in our previous study, is equivalent to ~1 g/60 kg/day in human adults [28] . Based on these findings, it can be surmised that the expected effective dose of GEE should involve a sufficient safety margin in humans. Taken together, these results of single, 14 days, and 13 weeks repeated oral toxicity studies confirmed that GEE was devoid of toxicological effects under our experimental conditions. Therefore, we suggested that GEE could be considered a safe dietary ingredient.
Materials and Methods
Preparation of Gelidium elegans Extract (GEE)
To obtain the GEE, GE was washed six times, to remove sea salt, and then extracted with 70% ethanol. After these processes, the residue was extracted with deionized water at 90 °C. The ethanol and deionized water extracts were then mixed together and passed through a 50 μm filter. Following this, the spray drying method was used to prepare the final extract. The GEE was then stored at 4 °C until use (Figure 2) . (Table 10 ) [10] . Table 10 . Composition of GEE [10] .
Test Substance
Nutrient
Ingredient Content
Proximate composition (%) 
Experimental Animals
Male and female CD rats (5 weeks old) were purchased from Orient Bio Co. (Gapyeong, Kyeonggi, Korea) and allowed free access to tap water and an irradiation-sterilized pelleted lab animal diet (Teklad Certified Irradiated Global 18% Protein Rodent Diet, 2918C, ENVIGO, Huntingdon, UK), purchased from Dooyeol Biotech (Seoul, Korea). The animals were housed individually and maintained in specific pathogen-free conditions in suspended, polycarbonate cages at 23 ± 3 • C, with a relative humidity of 55% ± 15%, a 12 h light/12 h dark cycle (08:00-20:00), 150-300 Lux luminous intensity, and 10-20 air changes per hour, during both the 14-day and 13-week repeated dose toxicity studies. After a 1-week adaptation period, the animals were randomly divided into groups. The project was approved by the Institutional Animal Care and Use Committee (IACUC Approval Number 16-R061).
Study Design Overview
This study was conducted in accordance with the Good Laboratory Practice (GLP) standards of the Korean MFDS (Notification No. 2014-67, MFDS, 12 February 2014), the Test Guidelines of the OECD [29] , and the Korea Food and Drug Administration (KFDA) at the GLP institute, approved by the KFDA [30] .
Acute Oral Dose Toxicity Study
The acute oral toxicity of GEE was evaluated in rats, according to the procedures outlined by the OECD. Prior to dosing, rats (male and female) were fasted overnight. A single high dose of 5000 mg/kg GEE was administered orally to rats (three males and three females) in the treatment groups, while other rats (three males and three females) were given distilled water (the control group). After administration, regular observation for signs of toxicity was performed during the first 6 h after treatment and daily for a further 14 days post-administration. On day 14 after administration, the rats were euthanized.
14 Day Repeated Oral Dose Toxicity Study
Four groups of 40 rats (20 males and 20 females) were used. Five healthy animals of each gender received GEE once daily by oral gavage at dosages of 500, 1000, or 2000 mg/kg/day in a volume of 20 mL/kg for 14 days. Vehicle groups, treated with sterile distilled water for injection only, served as negative controls. During the period of treatment, the animals were weighed and observed daily to detect any signs of toxicity.
13 Week Repeated Oral Dose Toxicity Study
Four groups of 80 rats (40 males and 40 females) were used. Ten healthy animals of each gender received GEE once daily by oral gavage at dosages of 500, 1000, or 2000 mg/kg/day in a volume of 20 mL/kg for 13 weeks. Vehicle groups, treated with sterile distilled water for injection only, served as negative controls. During the period of treatment, the animals were weighed and observed daily to detect any signs of toxicity.
Clinical Signs
The rats were observed continuously for any clinical signs or mortality for the first hour after administration and they were checked every hour for the subsequent 6 hr. The animals were observed for clinical signs, including changes in appearance, posture, movement, urine, body surface, and fluid secretion/excretion, throughout the experimental period.
Body Mass
Animals were weighed on the first day (before administration, day 1) of administration and once weekly thereafter.
Food and Water Consumption
Food and water consumption were measured on the initial day of treatment, and then once weekly during the experimental period. The amounts of food and water placed in each cage were measured, as were the amounts remaining the next day, to calculate the daily food intake and water consumption (g/rat/day).
Ophthalmic Examination
During the final week of the experiment, the external parts of the eyes were examined in five males and five females per group, and then a mydriatic (Alcon Korea, Seoul, Korea) was administered to examine the rostral parts of the eye, optic media, and ocular fundus, using an ophthalmoscope and a fundus camera (Keeler Instruments Inc., Broomall, PA, USA). No abnormal signs were observed during the ophthalmic examination; therefore, no further ocular examinations were conducted.
Hematology and Serum Biochemistry
Blood samples were collected from the caudal vena cava of all animals scheduled for necropsy under deep isoflurane anesthesia (Kyongbo Pharm. Co., Ltd., Seoul, Korea). The animals were fasted overnight (with water available) and anesthetized with isoflurane, before blood was collected into tubes, containing potassium EDTA as an anticoagulant, for hematologic analysis, using a total hematology system (ADVIA 2120 System, Siemens Healthcare Diagnostics K.K., Munich, Germany) (red blood cell (RBC) count, hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), platelet count (PLT), white blood cell (WBC) count, and white blood cell differential based on percentage, including neutrophils (NEU), lymphocytes (LYM), monocytes (MONO), large unstained cells (LUC), eosinophils (EOS), and basophils (BASO)).
Standard serum biochemistry parameters were analyzed using an automated blood coagulation analyzer (CS2000i System, Sysmex Corporation, Tokyo, Japan). Approximately 1 mL blood was collected from each animal into tubes containing heparin for biochemical analysis, which employed an automated clinical chemistry analyzer (TBA-120FR, Toshiba Medical Systems, Inc., Tokyo, Japan) (aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), creatine phosphokinase (CPK), total bilirubin (T-BIL), glucose (GLU), total cholesterol (TCHO), triglycerides (TG), total protein (TP), albumin (ALB), albumin/globulin ratio (A/G), blood urea nitrogen (BUN), creatinine (CRE), inorganic phosphorus (IP), calcium ion (Ca 2+ ), sodium ion (Na + ), potassium ion (K + ), and chloride ion (CI − )).
Necropsy and Organ Masses
Before necropsy, all surviving animals were fasted overnight (for 16-20 h) and anesthetized using isoflurane (Ifran liquid, Hana Pharm. Co., Seoul, Korea) inhalation. After anesthesia was confirmed, blood samples were taken from the caudal vena cava, and then the abdominal aorta and caudal vena cava were cut to euthanize the animals. An initial inspection was then made of the body surface, subcutis, head, and all internal organs of the abdominal and thoracic cavities. Next, the brain, liver, lung, heart, adrenal glands, thymus, prostate gland, testes, epididymis, ovaries, uterus, spleen, and kidneys were removed, and all paired organs were measured separately.
Urinalysis
During the last week of the experiment, five males and five females per group were housed in metabolic cages for urine collection. Urinalysis (general urine and urine sediment examination) was performed using~1 mL urine. GLU, bilirubin, ketone body, pH, urobilinogen, and occult blood were evaluated in urine using Multistix (Siemens Healthcare Diagnostics K.K., Tokyo, Japan).
Statistical Analysis
Data are expressed as mean ± standard deviation and were analyzed by one-way analysis of variance. When significant differences were detected, Duncan's multiple range test was used to compare the means. SPSS 12.0 K (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses. p < 0.05 was considered to represent a statistically significant difference (signified in the Figures and tables by labels a and b).
Conclusions
In conclusion, during repeated 14-day and 13-week oral administration of GEE, no systemic toxicological changes were observed, Under the experimental conditions used, the no observed adverse effect level (NOAEL) of GEE was set at 2000 mg/kg/day and no target organ pathology was observed.
